Microstructure-dependent fatigue damage process in short fiber reinforced plastics  by Nishikawa, M. & Okabe, T.
International Journal of Solids and Structures 47 (2010) 398–406Contents lists available at ScienceDirect
International Journal of Solids and Structures
journal homepage: www.elsevier .com/locate / i jsolst rMicrostructure-dependent fatigue damage process in short ﬁber reinforced plastics
M. Nishikawa a, T. Okabe b,*
aDepartment of Nanomechanics, Tohoku University, 6-6-01 Aoba-yama, Aoba-ku, Sendai 980-8579, Japan
bDepartment of Aerospace Engineering, Tohoku University, 6-6-01 Aoba-yama, Aoba-ku, Sendai 980-8579, Japan
a r t i c l e i n f o a b s t r a c tArticle history:
Received 6 May 2009
Received in revised form 3 September 2009
Available online 8 October 2009
Keywords:
Composite materials
Short ﬁber
Fatigue
Matrix crack
Damage mechanics0020-7683/$ - see front matter  2009 Elsevier Ltd. A
doi:10.1016/j.ijsolstr.2009.10.002
* Corresponding author. Tel/fax: +81 22 795 6984.
E-mail address: okabe@plum.mech.tohoku.ac.jp (TThis paper proposes a numerical model of the fatigue damage process in short ﬁber-reinforced plastics. In
the fatigue fracture of these composites, the microcracks in the polymer matrix increase with fatigue
cycles and dominate the fatigue damage process. Therefore the matrix crack was modeled by the contin-
uum damage mechanics approach while considering the microscopic fatigue damage process in the poly-
mer matrix based on a Kachanov-type damage-evolution law. We applied the model to addressing the
fatigue-cycle experiments of short glass-ﬁber reinforced polycarbonate conducted by Ha et al. The sim-
ulated results agreed well with the experimental results. Moreover, the simulation revealed that the
dependence of the damage accumulation on the ﬁber orientation remarkably changes the fatigue life
of the short glass-ﬁber reinforced plastics.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
Short ﬁber reinforced plastics (FRP) are increasingly used as a
lightweight and high-stiffness material for aerospace, automobile
and marine structures. The fatigue life of these composites must
be understood for their long-term usage. Their fatigue fracture
has a very complicated damage process, because the increase of
microcracks in the polymer matrix during fatigue cycles dominates
the fatigue damage process and the morphology of these micro-
cracks depends on the ﬁber architecture in the composite (Lang
et al., 1987; Karger-Kocsis, 1990; Ha et al., 1999).
In early work, Karger-Kocsis (1990) summarized the micro-
structure-dependent growth of macroscopic fatigue cracks based
on the Paris equation. This approach did not reveal the underlying
physical mechanism (i.e., microcrack accumulation). Instead, the
fatigue life should be understood with consideration of the accu-
mulation of microcracks. For example, the experimental work by
Ha et al. (1999) reported the dependence of microcrack accumula-
tion on the ﬁber orientation of the short glass-ﬁber reinforced plas-
tics, which remarkably changes the fatigue life. Therefore, a
comprehensive model for the relationship between such a damage
process and fatigue life should be established. Wang et al.
(1986a,b) proposed a self-consistent model for predicting the stiff-
ness degradation of random short-ﬁber SMC composites during the
fatigue cycles, based on the experimentally measured distribution
of microcrack density and length. Importantly, the excellent agree-
ment between the model and the experiments indicated that the
accumulation and growth of those microcracks dominate the stiff-ll rights reserved.
. Okabe).ness degradation. Moreover, in their studies, macroscopic damage
parameters were deﬁned using a stiffness degradation ratio, and
the evolution law of those parameters was determined from those
microscopic damage phenomena. However, their self-consistent
model did not address the accumulation and growth of micro-
cracks depending on the microstructure during fatigue cycles. It
is desirable to determine macroscopic damage parameters from
the damage evolution law of microcracks instead of from direct
observation. Thus, a multiscale model that connects the micro-
scopic damage phenomena with the macroscopic properties
should be established.
This paper proposes a numerical model for the accumulation
and growth of microcracks in short ﬁber-reinforced plastics during
fatigue cycles. We recently presented numerical simulations, with
a micromechanical model reproducing multiple ﬁbers and matrix,
to address the microscopic damage in short ﬁber-reinforced plas-
tics, and we discussed the strength properties of these composites
(Nishikawa et al., 2009a,b; Okabe et al., in press). In these works,
the matrix crack was modeled by the continuum damage mechan-
ics (CDM) approach (e.g., Murakami and Ohno, 1981; Skrzypek and
Ganczarski, 1999). This paper extends this approach to address the
microcrack accumulation in short ﬁber-reinforced plastics during
the fatigue cycles, by incorporating a Kachanov-type evolutionary
law of the microscopic fatigue damage in the polymer matrix.
The Kachanov-type damage law has been recently applied to
the modeling of the fatigue damage in FRP. Okabe and Yashiro
(2009) proposed a novel method to incorporate the fatigue damage
law into cohesive elements to address the fatigue progress of inter-
laminar damage in notched FRP laminated composites. The meth-
od has been extended by Yashiro and Okabe (2009) for the fatigue
damage in open-holed laminates, and Yamaguchi et al. (2009) for
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ies demonstrated that the simulated results of fatigue damage pro-
cess well reproduced the characteristic damage pattern in the
experiments. This study attempts to apply such a Kachanov-type
model to the modeling of the microcrack accumulation in FRP
and discuss the fatigue damage process in short ﬁber-reinforced
plastics. Especially, utilizing a Kachanov-type damage law based
on the site-by-site stress-distribution obtained with a microme-
chanical model, we can simulate the heterogeneous microcrack
accumulation in relation to the microstructure in short ﬁber-rein-
forced plastics. This is a key idea of the present paper.
Finally, following the approach byWang et al. (1986b), the mac-
roscopic damage parameters are deﬁned using these microscopic
analyses, and the evolution law of those parameters is formalized
with an ordinary differential equation.
The remainder of this paper is organized as follows. Section 2
describes the ﬁnite-element formulation for simulating the fatigue
damage process in short ﬁber-reinforced plastics. In Section 3, the
model is applied to addressing the fatigue-cycle experiments of
short glass-ﬁber reinforced polycarbonate reported by Ha et al.
(1999). We then discuss the dependence of the damage accumula-
tion on ﬁber orientation in the composites and its effect on fatigue
life.2. Numerical simulation of the fatigue damage process
2.1. Finite-element model
Ha et al. (1999) reported the fatigue cycle experiments of short
glass-ﬁber reinforced polycarbonate and investigated the anisot-
ropy of the fatigue behavior of this material. Fig. 1 illustrates the
geometry and dimensions of the specimen used in their experi-
ments. The present study reproduced their experiments. The fati-
gue damage process in the analytical region, depicted in Fig. 1,
was modeled by the ﬁnite-element simulation.
The simulation utilized the two-dimensional models as de-
picted in Fig. 2. The model contained multiple short ﬁbers and ma-
trix. Ha et al. used three types of specimens to investigate the
anisotropy on the fatigue behavior. The specimens were cut in
the 0, 90, and 45 directions to the injection-molded ﬂow direc-
tion. When the composite plate is sufﬁciently thin and the ﬁber
volume fraction is small, injection molding produces ﬁber align-
ment along the ﬂow direction. Therefore unidirectional alignment
of the ﬁbers was assumed for simplicity, and three models with
unidirectionally aligned ﬁbers were used, as depicted in20 10
Analytical 
region
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Fig. 1. Schematic of the specimen analyzed in the present simulation.Fig. 2(a)–(c), where the ﬁber orientation angle hf was set to 0,
90, and 45. (We refer to these three models as ‘0 deg model’,
‘90 deg model’, and ‘45 deg model’.) The top and bottom ends of
the model were subjected to periodic boundary conditions to avoid
unreal damage localization on these ends. To enforce the periodic-
ity condition, the same node number was assigned to each pair of
corresponding nodes on opposite ends of the model. The right and
left sides of the model were left to free edges. A pair of 0.25 mm-
long initial notches was introduced on the free edges (at the center
of the model in the y-direction).
The model was ﬁlled with short ﬁbers as follows. The ﬁber with
length lf and angle hf was then located at a randomly selected po-
sition as a trial step. If the ﬁber overlapped an existing ﬁber, the
trial positioning of the new ﬁber was abandoned. We repeated this
procedure until we achieved the desired volume fraction Vf of the
ﬁber. We set Vf ¼ 16:8% , in reference to Ha et al. (1999). For sim-
plicity, the length lf of the short ﬁbers was assumed to be constant
(except for the ﬁbers on the free edges) and set to 280 lm (average
ﬁber length in the experiments). The ﬁber width in the two-dimen-
sional model should be chosen as half the actual ﬁber diameter
(13 lm) in order to accurately reproduce the ﬁber axial stress
distribution.
The ﬁbers consisted of nine-node quadrilateral elements, and
the matrix consisted of six-node triangle elements, as depicted in
Fig. 2(d). Each ﬁber was divided into ﬁve elements in the axial
direction and two elements in the radial direction. These mesh
sizes were appropriately chosen to reproduce the stress recovery
in a ﬁber. The mesh size of the matrix was adjusted to that of
the ﬁbers. There were 29,678 matrix elements for the 0-deg model,
29,450 elements for the 90-deg model, and 29,730 elements for the
45-deg model. For instance, the average mesh size for the matrix
was 224 lm2 for the 0-deg model. The ﬁber was modeled as an iso-
tropic-elastic material, while the matrix was assumed to be an iso-
tropic elastic–plastic material. The plastic constitutive behavior of
the matrix was based on the J2 ﬂow theory and used the following
linear-isotropic hardening function.
r ¼ rY þ He ð1Þ
In this function, r is the effective stress, e is the equivalent strain, rY
is the matrix yield stress, and H is the matrix plastic modulus.
2.2. Fatigue damage in the matrix
We used a speciﬁc simulation procedure to deal with the fati-
gue damage process in the polymer matrix of short ﬁber-reinforced
plastics. The present simulation employed a one-parameter dam-
age mechanics model. In the damage mechanics model, the mul-
ti-dimensional incremental stress–strain relation for the elastic–
plastic matrix is derived as below.
Dr ¼ ð1 DÞCep : De DD
1 D r ð0 6 D 6 1Þ ð2Þ
Here Cep is the elastic–plastic constitutive tensor. The damage var-
iable D is deﬁned as a scalar quantity. The microscopic failure char-
acteristics (such as fatigue damage progress) are incorporated into
the evolutionary equation of damage variable D.
Because of the computational limitation, the simulation for
reproducing all the fatigue cycles (e.g., about 20,000 cycles in the
present study) was not realistic. Therefore, the simulation consid-
ered the fatigue damage progress every DN cycles as below.
The following one-parameter uniaxial creep-damage model is
well known as the Kachanov-type evolutionary law (Skrzypek
and Ganczarski, 1999).
dD
dt
¼ 1
ð1 DÞk
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Fig. 2. Finite element model for simulating the fatigue damage progress.
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eters. Referring to this equation, we propose the following model
for the damage increment DD for DN fatigue cycles in the multi-
dimensional case.DD ¼ DN
ð1 DÞk
rmh i
A
 r
ð4ÞStatic incremental analysis
(Tension loading and unloading)
Calculate maximum hydrostatic pressure 
during the incremental analysis
(for all integration points)
Calculate fatigue damage increment ΔD and 
stress degradation for ΔN cycles
Tensile stress: 0         32 MPa
Final failure
Stop
Yes
No
Start
Tensile strain reaches 
very high strain (10 %).
σm
Fig. 3. Flowchart of the present simulation.Here, the mean stress (hydrostatic pressure) rm is used for the dom-
inant factor of the damage evolution, because the initial void-
growth phase in the damage process of the polymer matrix is
mostly controlled by volumetric expansion (Kobayashi et al.,
2004). The meaning of the bracket h i in Eq. (4) is
hXi ¼ X ðX P 0Þ; 0 ðX < 0Þ. The matrix damage was judged at the
integration point of each ﬁnite-element. This procedure enables
simulating the fatigue damage process while incorporating the local
stress distribution arising from the heterogeneous nature of the
short-ﬁber reinforced plastics. Therefore, the present simulation
can address the fatigue damage progress related to the microstruc-
ture (e.g., ﬁber alignment) in these composites.
When D approached 1 at some integration points, the contribu-
tion to the stiffness matrix became near zero and sometimes
numerical instability occurred. Therefore, when the averaged D
in the element reached Dcr (near 1), the corresponding element
was eliminated. Dcr ¼ 0:9 was set in the present study. The succes-
sive elimination process yielded free nodes. Such nodes were
searched for and excluded from the equilibrium equations for the
ﬁnite-element analysis.
Based on the Kachanov-type damage-evolution law, the fatigue
damage process was simulated in the following procedure.(A) We conducted ﬁnite-element simulations for tension load-
ing and unloading (one cycle), using the distribution of dam-
age variable D at the present state. The maximum mean
stress rm during the cycle is obtained at each integration
point.
(B) We next calculated the fatigue damage increment DD from
nstepDN cycle to ðnstep þ 1ÞDN cycle, by substituting rm into
Eq. (4).
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ness degradation, and the present stress was updated based
on the following equation.Table 1
Material properties used in the simulation.
Fiber Young’s modulus 73.5 GPa
Fiber Poisson’s ratio 0.22
Matrix Young’s modulus 2.16 GPa
Matrix Poisson’s ratio 0.3
Matrix yield stress, rY 62 MPa
Matrix plastic tangent modulus H 9.21 MPa
Matrix damage parameter
A 470 MPa
k,r 6
DN 50 cyclesDr ¼  DD
1 D r ð5Þ
The simulation returned to procedure (A).
The simulation terminated when the applied strain reached a
very high level (10 % strain). The ﬂowchart of this procedure is
shown in Fig. 3. Using this procedure, we only had to conduct ﬁ-
nite-element simulations for tension loading and unloading every
DN steps. Therefore, the simulation of the microscopic damage pro-
cess during the long-term fatigue cycle was allowed within the
limited computational power.
2.3. Finite-element simulation procedure
Finite-element simulations for tension loading and unloading
were conducted based on our previous periodic-cell simulation
procedure (Nishikawa et al., 2009a,b; Okabe et al., in press).
When the displacement-controlled boundary conditions at the
top and bottom ends were employed in our preliminary calcula-
tions, unreal damage localization occurred on both ends due to
the excessive constraints on the matrix region. Therefore, the ten-
sile strain was controlled based on the periodic-cell simulation
procedure.
In this procedure, the displacement u and strain increment De
are separated into global components, which are independent of
the coordinates in the model, and local components as follows.
u ¼ uG þ uL and De ¼ DeG þ DeL ð6Þ
Subscripts G and L denote global and local components. (The de-
tailed formulation for the decomposition is found in e.g., Matous
and Geubelle (2006).)
Starting from the virtual work for the analytical region with ﬁ-
ber region Vf and matrix region Vm, the basic ﬁnite-element equa-
tion is derived by the decompositions into global and local
components as below (Nishikawa et al., 2009a).
ðtKf þ tKmÞDUL ¼ ðtQ f þ tQmÞ  ðDQ f ;G þ DQm;GÞ ð7Þ
where Kf ¼
P
e
R
Vef
BeTDfB
edV ; Km ¼
P
e
R
Vem
ð1 DÞBeTDmBedV ,
Q f ¼
X
e
Z
Vef
BeT r^dV ; Qm ¼
X
e
Z
Vem
BeT r^dV ;
DQ f ;G ¼
X
e
Z
Vef
BeTDfDeGdV ;
DQm;G ¼
X
e
Z
Vem
ð1 DÞBeTDmDeGdV ð8Þ
Subscripts f and m denote ﬁber and matrix.U is the nodal displace-
ment vector. Kf and Km are the tangential stiffness matrices of ﬁber
elements and matrix elements. Q f and Qm are the nodal forces cor-
responding to the element stresses. B and D are the strain–displace-
ment matrix and constitutive matrix.r^ is the stress vector. e denotes
the ﬁnite element.
The global strain increment DeG should be controlled to achieve
various loading conditions in the periodic cell. The additional term
DQ f ;G and DQm;G can be obtained using the present state variables
along with DeG. After the local displacement increment DuL is cal-
culated by solving Eq. (7), the total strain increment is obtained by
adding the given global strain increment to the local strain incre-
ment. The stress distribution is then calculated with the constitu-
tive rule of ﬁber or matrix. The composite stress is obtained by
averaging the stress over the whole model.Applying an incremental tensile strain (y-direction), the tensile
loading and unloading was conducted. The incremental strain was
controlled based on the Rmin method (Yamada et al., 1968; Okabe
et al., 2008).3. Simulated results and discussion
The simulation for the fatigue damage process was applied to
understanding the experimental results reported by Ha et al.
(1999). The loading was conducted until the tensile stress reached
32 MPa, and the unloading was then conducted till zero stress. The
simulation used the material properties (glass ﬁber and polycar-
bonate matrix) listed in Table 1. The phenomenological parameters
in Eq. (4) were selected to ﬁt with the experimental results. Here
we simpliﬁed r ¼ k, referring to Skrzypek and Ganczarski (1999).
A and r were then adjusted to ﬁt the experimental fatigue life for
both the 0-deg and the 90-deg models. These values are also listed
in Table 1.
Fig. 4 depicts the variations of the maximummean stress distri-
bution rm during the fatigue-cycle simulations for different ﬁber-
orientation angles. For the 90 deg and 45 deg models (Fig. 4(b)
and (c)), the maximum mean stress is localized at the notch tip
during the initial cycle. Even after the matrix damage progresses,
the stress localization occurs at the tip of the matrix damage. In
contrast, the stress localization hardly occurs at the notch tip in
0 deg model (Fig. 4(a)), and the stress concentration appears at a
number of ﬁber ends.
Due to these stress distributions, the damage pattern changes
signiﬁcantly according to the ﬁber orientation angles in the com-
posite. In the 0 deg model (Fig. 5(a)), the damage occurs at multiple
ﬁber ends, and the matrix damage extends over a wide region in
the loading direction. In addition, the damage progresses slowly.
(The damage after 18,800 cycles is illustrated in Fig. 5(a).) In con-
trast, in the 90 deg and 45 deg models (Fig. 5(b) and (c)), the matrix
damage localizes at the notch tip and extends almost in the ﬁber
direction. The damage progresses more rapidly than that in the 0
deg model. This tendency of the fatigue damage process is very
similar to the experimental results reported by Ha et al. The differ-
ence, which depends on the ﬁber orientation angle, occurs because
in the 0 deg model the stress concentration on the matrix near the
notch is suppressed by the surrounding ﬁbers. In addition, the ma-
trix microcracks near multiple ﬁber ends cannot be easily coa-
lesced in the 0 deg model because the matrix damage has to
grow in a ﬁber-avoiding path.
Fig. 6 plots the stress–strain curves during these fatigue-cycle
simulations. In all cases of different ﬁber-orientation angles, the
degradation rate of the stiffness increases with the fatigue cycles.
This reﬂects the fact that the increasing rate of the fatigue damage
grows with the fatigue cycles.
In this study, the macroscopic damage parameter (eD11Þ deﬁned
by Wang et al. (1986b) is used to measure the damage states in the
Fig. 4. Maximum mean stress distribution rm in composites. (a) 0 deg model; (b) 90 deg model; (c) 45 deg model.
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lus in the loading direction, and it was proved to be connected with
the density of microcracks. eD11 is derived from our simulated re-
sults in the following procedure. First, the stiffness at the present
cycle is deﬁned as the maximum stress (32 MPa) divided by the
maximum strain during one-cycle loading and unloading. The stiff-
ness degradation ratio is then deﬁned as the stiffness reduction di-
vided by the initial stiffness. The calculated stiffness degradation
ratio can be regarded as eD11. The calculated eD11 is plotted as a
function of the fatigue cycle number N in Fig. 7, which includes
the experimental results by Ha et al. (1999). Ha et al. summarized
the experimental results using the length of the damage zone
developing around a notch. However, this study used eD11 to illus-
trate the fatigue damage evolution because the damage zone can-
not be adequately deﬁned in the simulated results, since the
microcracks are randomly and stochastically distributed around
the notch, especially in the 0 deg model. Therefore, in this compar-
ison, eD11 calculated as the stiffness degradation ratio was used as a
well-deﬁned parameter to precisely measure the damage states in
the composite. If it is assumed that the stiffness degradation ratio
is almost equivalent to the damage length because of the ligament
length change (considering only uniaxial stress for a simple discus-
sion), the present simulated results can be quantitatively com-
pared with those experimental results. In Fig. 7, the simulated
results agree well with the experiments over the whole range of fa-
tigue cycles.
Let us focus on the ﬁber orientation effect on the fatigue life. As
shown in Fig. 7, the fatigue life Nf (as determined by the cycle
when eD11 reaches 1) is the longest in the 0 deg model. The 45
deg model yields the second longest fatigue life, and the 90 deg
model yields the shortest fatigue life. Thus, the fatigue life becomes
shorter when the ﬁber orientation angle deviates farther from theloading direction. Also at this point, the simulated tendency agrees
well with the experiments. Therefore, the present simulation effec-
tively reproduces the fatigue damage progress with respect to the
microstructure (e.g., ﬁber alignment) of the short ﬁber-reinforced
plastics.
In practical applications, the evolution law of macroscopic fati-
gue damage is a primary concern. The present micromechanical
approach can be effectively utilized to estimate this law, as noted
in the Introduction. Fig. 8 presents the evolution law of the macro-
scopic damage parameter derived from our simulated results
(Fig. 7). It can be summarized as the following equation.
deD11
dN
¼ expðaN þ bÞor log
deD11
dN
¼ aN þ b ð9Þ
A simple linear ﬁt agrees well with the simulated results (Fig. 8),
though some deviations are found in the last fatigue stage in the
0-deg model. Thus, the evolution law (Eq. (9)) effectively character-
izes the initial and intermediate fatigue stages that are of practical
importance. The estimated evolution law may be utilized to assess
the residual fatigue life of the composite structure. For example, if
the stiffness degradation ratio can be evaluated based on some
experimental techniques (e.g., ultrasonic inspections) during long-
term operation, the residual fatigue life can be predicted based on
Eq. (9). The importance of the evolution law derived from micro-
scopic damage phenomena has already been pointed out by Wang
et al. (1986b), but the present study paves the way for a multiscale
model that connects the macroscopic damage evolution law with
Fig. 5. Damage distribution D in composites.
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microcracks.4. Conclusions
This paper proposed a numerical model for the fatigue damage
process in short ﬁber-reinforced plastics and discussed the rela-
tionship between the fatigue damage process and fatigue life in
these composites.
The proposed simulation addressed the fatigue damage pro-
gress in a polymer matrix based on the continuum damage
mechanics model. The model incorporated a Kachanov-type dam-
age-evolution law and addressed the matrix damage progress cor-
responding to the local stress distribution due to the
heterogeneous nature of the composite. In addition, the present
simulation is very powerful for simulating the microscopic damage
process during the long-term fatigue cycle within limited compu-
tational power.The simulated results effectively reproduced the experiments
conducted by Ha et al. (1999). The fatigue damage progress for dif-
ferent ﬁber orientation angles was quantitatively reproduced using
a single set of matrix damage parameters. The simulation also clar-
iﬁed that the matrix damage localizes in the direction of ﬁber ori-
entation when the ﬁber orientation angle is inclined at 45 and 90
to the loading direction, as observed in the experiments. Therefore,
the present simulation is effective for addressing the fatigue dam-
age progress with respect to the microstructure of short ﬁber-rein-
forced plastics.
Moreover, the simulated results can be effectively utilized to
estimate the evolution law of the macroscopic fatigue damage
parameter. The estimated evolution law may be utilized to assess
the residual fatigue life of the composite structure if the stiffness
degradation ratio can be evaluated based on some experimental
techniques during a long-term operation. At present, one case for
a ﬁxed applied stress was addressed. For further discussion, we
should discuss the fatigue life for various loading types. This issue
will be addressed in our future work.
Applied strain (%)
Co
m
po
sit
e 
str
es
s (
M
Pa
)
N = 0, 50, ... N = 19300
0
0 0.5 1 1.5 2
8
16
24
32
Applied strain (%)
Co
m
po
sit
e 
str
es
s (
M
Pa
)
N = 0, 50, ... N = 1000
0
8
16
24
32
0 0.5 1 1.5 2
Applied strain (%)
Co
m
po
sit
e 
str
es
s (
M
Pa
)
N = 2150N = 0, 50, ...
0
8
16
24
32
1 1.5 20 0.5
Fig. 6. Stress–strain curves during fatigue cycles.
Number of cycles
M
ac
ro
sc
op
ic
 d
am
ag
e 
pa
ra
m
et
er
 D
11
0
0.25
0.5
0.75
1
0 5000 10000 15000 20000 25000
0deg
45deg
90deg
0deg
45deg
90deg
Simulation Experiment (Ha et al.)
Le
ng
th
 o
f d
am
ag
e 
zo
ne
 n
or
m
al
iz
ed
 b
y 
li g
am
en
t l
en
gt
h 
(3.
5 m
m)
0
0.25
0.5
0.75
1
Fig. 7. Macroscopic damage parameter eD11 as a function of fatigue cycle number N.
Number of cycles
0deg
45deg
90deg
R
at
e 
of
 fa
tig
ue
 d
am
ag
e 
ev
o
lu
tio
n
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
dD
11
/d
N
-6
-5
-4
-3
-2
0 5000 10000 15000 20000
10
10
10
10
10
log(dD11/dN) = aN + b
a = 1.1×10-3, b = - 3.8
a = 8.3×10-4, b = - 4.6
a = 5.3×10-5, b = - 5.2
Fig. 8. Evolution law of macroscopic damage parameter eD11.
M. Nishikawa, T. Okabe / International Journal of Solids and Structures 47 (2010) 398–406 405Acknowledgements
We would like to acknowledge the support of the New Energy
and Industrial Technology Development Organization (NEDO)
(Project No. P08024).
References
Ha, J.C., Yokobori Jr., A.T., Takeda, H., 1999. The effect of fatigue damage on
toughening of short-ﬁber reinforced polymer composites. J. Mater. Sci. 34,
2103–2111.
Karger-Kocsis, J., 1990. Effects of processing induced microstructure on the fatigue
crack propagation of unﬁlled and short ﬁbre-reinforced PA-6. Composites 21,
243–254.
Kobayashi, S., Tomii, D., Shizawa, K., 2004. A modelling and simulation on failure
prediction of ductile polymer based on craze evolution and annihilation. Trans.
Jpn. Soc. Mech. Eng. A 70, 810–817 (in Japanese).
Lang, R.W., Manson, J.A., Hertzberg, R.W., 1987. Mechanisms of fatigue fracture in
short glass ﬁbre-reinforced polymers. J. Mater. Sci. 22, 4015–4030.
Matous, K., Geubelle, P.H., 2006. Multiscale modeling of particle debonding in
reinforced elastomers subjected to ﬁnite deformations. Int. J. Numer. Meth. Eng.
65, 190–223.
Murakami, S., Ohno, N., 1981. A continuum theory of creep and creep damage. In:
Creep in Structures. Springer-Verlag, pp. 422–444.
Nishikawa, M., Okabe, T., Takeda, N., 2009a. Periodic-cell simulations for the
microscopic damage and strength properties of discontinuous carbon ﬁber-
reinforced plastic composites. Adv. Compos. Mater. 18, 77–93.
Nishikawa, M., Okabe, T., Takeda, N., 2009b. Effect of the microstructure on the
fracture mode of short-ﬁber reinforced plastic composites. J. Solid Mechan.
Mater. Eng. 3, 998–1009.
Okabe, T., Nishikawa, M., Takeda, N., 2008. Numerical modeling of progressive
damage in ﬁber-reinforced plastic cross-ply laminates. Compos. Sci. Technol.
68, 2282–2289.
Okabe, T., Nishikawa, M., Takeda, N., in press. Micromechanics on the rate-
dependent fracture of discontinuous ﬁber-reinforced plastics. Int. J. Damage
Mech.doi:10.1177/1056789509103649.
Okabe, T., Yashiro, S., 2009. Numerical simulation for predicting fatigue damage
progress in notched CFRP cross-ply laminates by using cohesive elements.
Trans. Jpn. Soc. Mech. Eng. A 75, 304–309 (in Japanese).
Skrzypek, J., Ganczarski, A., 1999. Modeling of Material Damage and Failure of
Structures. Theory and Applications. Springer-Verlag. p. 33.
Wang, S.S., Chim, E.S.M., Suemasu, H., 1986a. Mechanics of fatigue damage and
degradation in random short-ﬁber composites, part I – damage evolution and
accumulation. Trans. ASME- J. Appl. Mech. 53, 339–346.
Wang, S.S., Chim, E.S.M., Suemasu, H., 1986b. Mechanics of fatigue damage and
degradation in random short-ﬁber composites, part II – analysis of anisotropic
property degradation. Trans. ASME- J. Appl. Mech. 53, 347–353.
Yamada, Y., Yoshimura, N., Sakurai, T., 1968. Plastic stress–strain matrix and its
application for the solution of elastic–plastic problems by the ﬁnite element
method. Int. J. Mech. Sci. 10, 343–354.
Yamaguchi, T., Okabe, T., Yashiro, S., 2009. Fatigue simulation for Titanium/CFRP
hybrid laminates using cohesive elements. Compos. Sci. Technol. 69, 1968–
1973.
Yashiro, S., Okabe, T., 2009. Numerical prediction of fatigue damage progress in
holed CFRP laminates using cohesive elements. Trans. Jpn. Soc. Mech. Eng. A 75,
310–315 (in Japanese).
406 M. Nishikawa, T. Okabe / International Journal of Solids and Structures 47 (2010) 398–406M. Nishikawa is an Associate Professor in the Depart-
ment of Nanomechanics at Tohoku University in Japan.
He received B. Eng. Degree (2003), M. Eng. Degree
(2005), Dr. Eng. Degree (2008) in the Aeronautics and
Astronautics from the University of Tokyo, Japan. His
research interest includes a micromechanical modeling
for the mechanics of engineering materials.T. Okabe is an Associate Professor in the Department of
Aerospace Engineering of Tohoku University. He
received his B.S. in the Department of Mechanical
Engineering from Keio University, in 1996. He went on
to receive his M.S. (1998) and Dr. Eng. (1999) in the
Department of Mechanical Engineering from Keio Uni-
versity. He worked at AIST in Tsukuba from 2001 until
2002, when he accepted a position at Tohoku Univer-
sity. Currently, he is addressing problems in the
mechanics of composite materials.
